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This paper will present data on the rate of respiration of Azotobacter 
vinelandii  as  a  function  of  temperature  over  a  wide  physiological 
range.  The value of/z, the critical thermal increment or temperature 
characteristic, will be calculated for the temperature range over which 
studies on Azotobacter are generally conducted, 20-30°C. 
H 
The Warburg technique employed to measure rate of oxygen consumption has 
been described in complete detail elsewhere (1, 2).  The culture medium consisted 
of 1 per cent glucose dissolved in the clear liquid obtained after the following mix- 
ture has been thoroughly shaken,  allowed to stand, and settle: 0.8 gin.  K~HPO4, 
0.2  gm.  KH2PO~, 0.2  gm.  NaC1, 0.2  gin.  MgSO4-7H20,  0.1  gln.  CaSO4.2H20, 
0.01 gin.  Fe2(SO4)8.9H~O, 1000 grn. H20.  No fixed nitrogen was  added.  The 
cultures employed in the Warburg vessels were first grown in an air thermostat at 
28°C. in sterilized, aerated, 250 cc. gas wash bottles containing 50-100 cc. of nutri- 
ent medium.  The temperature characteristic has been obtained from two different 
values, R1 and R~, of the rates of respiration at two corresponding  absolute tem- 
peratures,/'1 and T~, by means of the customary Arrhenius function, 
/J =  1.99 (T2T~/(TI -- T~))  log, R~/RI cal.  (1) 
III 
Fig.  1 shows the effect of temperature upon rate of respiration over 
the  temperature  range  15-43°C.  In  Curve  I  the  rate  is  plotted 
directly against  the  temperature,  in  Curve  II  the  logarithm  of the 
rate  is  plotted  against  the  reciprocal  of  the  absolute  temperature. 
Triplicate simultaneous determinations were run at each temperature 
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investigated, proceeding from the lowest to the highest temperature. 
At each new temperature fresh aliquot portions were drawn as needed 
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from the stem culture kept in the ice chest at 10°C. during the 13½ 
hours required to perform the experiment.  A 3 day culture was era- H.  LINEWEAVER~  D.  BURK~ AND  C.  K.  HORNER 
TABLE  I 
Temperature Characteristic  of Azotobacter  Respiration 
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Temperature 
Exp. No.  l, (cal.) 
I  (a) 
(b) 
(c) 
II  (a) 
(b) 
IIIt (a) 
(b) 
(c) 
IV  (a) 
(b) 
(c) 
v  (a) 
VI  (a) 
(b) 
VIII[ (a) 
(b) 
VIII  (a) 
T1 
*(7. 
19 
22 
25 
24 
27 
24 
24 
24 
23 
23 
23 
23 
23 
26 
29 
29 
18,200 
15,600" 
19,800 
20,650 
19,275 
18,400 
18,900 
18,750 
20,000 
18,750~ 
20,250§ 
15,550" 
20,050 
21,500 
18,250 
18,250 
23  29  18,950 
Mean ........................................................  19,333"±165¶ 
In any one experiment (i.e., Experiment I, Experiment II, etc.) a given culture of 
a given age was placed in a  thermostat at 10°C.; after 30-40 minutes aliquot por- 
tions were removed and measurements were commenced, generally with the lowest 
temperature  first.  Three  to  four  determinations  (i.e.  involving three  to  four 
respiration vessels) were carried out, the manometer readings being taken at 10 
minute intervals over a  period of 40-60 minutes.  At each different temperature 
fresh aliquot portions were used.  As shown in Table II such  aliquot portions 
maintained a constant respiration capadty over a long period of time. 
The pH of all cultures was 6.7 ±0.2 except VII (b), pH 6.0. 
Temperatures are accurate to 4-0.02"C. 
* All the experiments performed at 21 per cent oxygen are reported in this table. 500  TEMPERATIYRE  CHARACTERISTIC  OF AZOTOBACTER 
ployed.  The  temperature  function  represented  in  Fig.  1  is  quite 
typical of many biological processes, and its chief points of interest are 
its  substantially symmetrical character,  the maximum occurring at 
34-35°C., and the suggested positions of the upper and lower limits of 
respiration  at about 50  °  and  10°C.  The value of /l appears  to be 
constant between 20  ° and 30°C., in this single experiment.  A critical 
temperature at about 19°C. is suggested. 
Table I summarizes the experimental data obtained from a consider- 
able number of experiments showing that respiration of Azotobacter 
possesses a  constant temperature characteristic of 19,330  =t=165 over 
the range 20-30 ° .  This value is not one of those commonly obtained 
for respiration  in various  other organisms.  The  customary values 
given by Crozier  (3)  are approximately 11,500,  or  16,100  to  16,700, 
with occasional values (for winter frogs) of 21,500  to 24,000.  Tang 
(9)  has found #  values of 13,100  and 21,050  for the rate of oxygen 
consumption of Zea  mays  above and below I9.5°C., respectively.  Re- 
cently Crozier has indicated (4) that in the case of respiration of yeast 
less frequently observed values are obtained, and that the mechanism 
of respiration is sufficiently complex so that one of a number of tem- 
perature  characteristics may be  found according  to  the  prevailing 
metabolic  condition  characteristic  of  the  experimental  conditions. 
Although the value of 19,330 for Azotobacter  is somewhat atypical, its 
order  of magnitude is  that  of oxidation processes  as  compared  to 
hydrolytic ones. 
Table II indicates that the changes in respiration rate consequent 
The two starred values were not used in calculating the mean t~ since they are 
obviously too far removed  from this mean. 
See also Table III. 
Measured in 100 per cent O2. 
§ Glucose added to 1 per cent.  In all other cases the glucose content ranged 
from 0.3 to 0.8 per cent, depending upon how much of the initial 1 per cent had 
been consumed  during the growth of the culture previous to use. 
]l In this experiment the higher temperature was studied first.  In all others 
the lower temperature was studied first. 
¶ The probable error of the mean has been calculated by means of the usual 
formula 1,.E  ..... =  -*-0.6745 (Y_,(v2)/n(n  -  1))  ½.  The probable error of any single 
value calculates to be 4-675 cal. (i.e., -4-3.5 per cent) from  the formula P.E..in,,o = 
-4-0.6745 (Z(v2)/(n  -- 1)) ½. H.  LINEWEAVER, D.  BURK,  AND  C.  K.  HORN'ER  501 
upon altering  the temperature  of a  culture cyclically from a  relatively 
high, normal temperature  to 10°C. are satisfactorily reversible over a 
long period  of time  (at least  2  to 4  days),  and that  the method  era- 
TABLE  II 
Constancy of Respiration Rate of Cultures Maintained at 10°C. 
Respiration  rate c.mm. 02/3 cc./hr, at 28°C. 
Time in ice chest  ....  0 hrs.*  24 hrs.  48 hrs. 
Dilutedt 1½ times (air:~)  ...................  59.5  [  60.0  63.6 
Diluted  1½ times (Ca. 21 per cent O3 in H~).  69.5  69.5 
Undiluted  (air~)  ..........................  [100  [109  [ 
96 hrs. 
56 
Culture 1 day A. ckroococcum Strain SM 1. 
pH 6.7 -4-0.2. 
Respiration rates were measured over a period of 40 to 60 minutes immediately 
after establishment of thermal equilibrium  (i.e.  in ca.  10 minutes)  after removal 
from ice chest. 
* Zero hour culture was also cooled to 10°C. during a period of 30-45  minutes 
before use. 
t  This refers to dilution of the culture with fresh medium. 
This refers to the gas mixture obtaining during the experiment; previous to the 
experiment air always obtained. 
TABLE  III 
Effect of Volume of Culture on ~ of Respiration Rate 
Culture per vessel 
ca;. 
1" 
No. of det.  Temp. 
24 
30 
24 
30 
24 
30 
Rate resp. 
c.mm. O2/hr. 
17.8 
33.0 
38.1 
74.1 
59.3 
111 
,~ (cal.) 
18,400 
18,900 
18,750 
3 day old A. vinelandii undiluted.  21 per cent O3 in N~. 
* The same pipettes, respectively, 3, 2, and 1 cc. were employed at each tempera- 
ture, but it is probable that the 1 co. pipette employed contained slightly less than 
½  and ½  respectively the volumes of the 2 and 3 cc. pipettes. 502  TEMPERATURE  CHARACTERISTIC OF  AZOTOBACTER 
ployed  to  prevent  growth  (as  distinguished  from  respiration),  by 
maintaining  the  cultures  at  10°C.,  is  not  subject  to  serious  experi- 
mental objection. 
Table III shows that the determinations of/~ in Table I  were not 
subject to error causable by insufficient rate of diffusion of 02 into the 
culture medium from the gas phase, insufficient absorption of CO2 by 
the  alkali,  etc.,  depending  upon  whether,  in  the  Warburg  vessels 
TABLE  IV 
Effect of Oxygen Concentration  on # of Respiration Rate 
Rate resp. 
02 in N2  No. of det.  Temp.  c.mm. O~/cc./hr.  ~* (cal.) 
~fff Cent 
21  23 
29 
23 
29 
23 
29 
21.5 
40.7 
22.9t 
44.8 
13.2 
26.0 
18,950 
19,950 
20,000 
4 day old A. vinelandii undiluted; 1 cc. culture used at 21 per cent and 4.5 per 
cent 02; 0.5 cc. was used at 1 per cent 02 in order to keep the oxygen pressure 
constant. 
* As shown in Table I the probable deviation of each value is about 4-675 cal. 
(4-3.5 per cent) hence there is no need to consider the three values obtained as 
significantly different. 
J" Ordinarily, i.e., with a younger culture (1-2 days), the rate of oxygen consump- 
tion is less at 5 per cent 02 than at 21 per cent.  It will be noticed that the rate 
at 1 per cent is (100 X 13.2/21.5), or 61 per cent that at 21 per cent. 
possessing a gas volume of 12-15 cc., 1, 2, or 3 cc. of culture medium 
are employed.  This was an important point to have established. 
Likewise, it will be seen from Table I  (Experiment VII in particular) 
that neither (1) age of culture, nor (2) the order in which the experi- 
ment is performed  (i.e.,  whether the higher or lower temperature is 
studied first), makes any appreciable difference in the observed value 
of #. 
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/z is substantially independent of oxygen concentration between 1 and 
100  per  cent  (0.01  and  1.00  atmosphere),  although the number of 
determinations on this point of secondary interest is obviously less 
than in the case of determinations of/z at 21 per cent (0.21  atmos- 
phere) O2.  In this connection it is possibly interesting that Crozier 
and Stier (5) report that at about 0.17 atmosphere O2/~resp. in the case 
of leeches is 7,900  over the temperature range 19-40°C.,  while it is 
24,000  at  about 0.53  atmosphere O2.  Examination of the original 
experimental measurements of Piitter (8) indicates an uncertainty as to 
whether the apparent change of/z with oxygen tension is the result of 
some secondary factor such as insufficient diffusion of oxygen, oxygen 
inhibition, etc., or of a real change in the apparent energy of activation. 
The  temperature  characteristic  is  independent  of  pH  over  the 
range where respiration is a reversible function of pH.  Thus, in one 
experiment (not reported in Table I),/z values of 19,230  and  19,310 
were obtained at pH 6.5 and 7.3, where the rates of respiration at 26°C. 
were 45.0 and 55.2 c.mm./cc./hr, and at 29°C., 62.1 and 76.3.  The pH 
of the initial  culture was  6.7  and was  adjusted to  6.5  and  7.3  by 
appropriate addition of either KH,  PO4 or K2HPO4.  Experiment VII 
(b), Table I, reports an experiment at pH 6.0. 
The  data  with  respect  to  pH,  together with  the  data  given  in 
Tables II, III, and IV, and the constancy of value of #  at 20-30°C., 
shown  in  Table  I,  indicate  that  the  observed,  somewhat atypical 
value of 19,330 is real and not dependent in part upon some secondary, 
circumstantial experimental condition.  It  may be pointed out,  in 
this  connection, that  the respiration of Azotobader presents certain 
interesting peculiarities.  (1)  The rate attains a maximum at 0.15 to 
0.20 atmosphere O2, diminishing rapidly at both inferior and superior 
pressures, being only one-third as great (in a young culture) at 0.005 
and 1.0 atmosphere  ~ (1, 2).  (2)  The decrease in rate between 0.2 and 
1 The exact quantitative relations depend upon a number of factors, including 
age of culture and glucose concentration.  The value of maximum respiration at 
0.8 atmosphere O~  reported by Fife (7) was obtained under conditions where 
oxygen pressure was not the only variable.  The sugar concentration decreased 
considerably (about 10 gin. per liter) during the course of the experiment, and the 
rate of gas flow  was increased  at the higher oxygen pressures (private communica- 
tion).  The ratio of gas-liquid interface to volume of solution (as distinguished 504  TEMPERATURE  CHARACTERISTIC  OF AZOTOBACTER 
1.0 atmosphere 02 is perfectly linear.  (3)  For short periods of time 
(1 to 5 hours) changes in rate induced by sudden changes in oxygen 
tension  are  immediate and  reversible.  (4)  The  rate  may  become 
enormously high in very young cultures (6-20 hours old), attaining a 
value of 5000  c.mm.O~/mg./hr, at 28°C.,  i.e.,  Azotobacter  may burn 
seven to eight times its own dry weight of glucose per hour completely 
to  CO2  and H~O.  This  rate  of energy consumption is  possibly as 
high as or higher than that shown by any other living organism.  In 
the experiments reported in Table I  the rate of oxygen consumption 
probably ranges from 100 to 500 c.mm./mg, of dry matter/hr.  It is 
hardly possible, however, that respiration in Azotabacter  depends upon 
more than one mechanism (in which case an unusual # value might be 
expected) in the sense implied by Elvehjem (6), who found that with 
bakers' yeast respiration depends upon two mechanisms, one KCN- 
labile, the other KCN-stabile. 
In the investigation of biological temperature characteristics it is 
often  desirable  to  have  the  measurements of  reaction  velocity so 
numerous that the variation in velocity at constant temperature may 
itself be investigated.  This is true chiefly where a  single organism 
(say, its heart beat rate) is being investigated.  Presumably no such 
measurements of variation are possible in the case of Azotobacter:  (1) 
the observed minor variations in any given experiment are unquestion- 
ably owing solely to the method or technique of respiration measure- 
ment; (2) ordinarily the number of organisms dealt with are 50  to 150 
million (per co.); (3) the cultures employed in the experiments reported 
were transferred daily for a long period of time before use, thus elimi- 
nating greatly or completely the possibility of the existence of several 
metabolic types of individuals or their quantitative importance com- 
pared with the predominating type. 
SUMMARY 
The  temperature characteristic of respiration  of Azotobacter  vine- 
landii possesses a constant value of 19,330  4-165 over the temperature 
from the far less important ratio of volume of gas to volume of liquid) was criti- 
cally low and any resulting lessened removal of COs or establishing of respective 
equilibrium concentrations of O3 (at different 02 pressures) in all local parts of the 
culture medium would result in a raised maximum, not a lowered maximum as 
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range  20-30°C.  This  value  is  independent  of pH,  oxygen  tension, 
age of culture, and other factors within the limits studied. 
The  optimum  temperature  of respiration  is  34-35°C.,  with  limits 
at about 10  ° and 50°C. 
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